Introduction
Mechanical ventilation can cause acute lung injury resulting in mechanical injury with subsequent immune cascade reactions (i.e. biological injury) [1] . The resultant systemic inflammatory responses and oxidative stress increase the risk of complications and multiple organ failure in patients; furthermore, these factors affect prognosis and mortality in elderly patients who receive major abdominal surgery and have existing lung diseases [2] .
Nearly 230 million people worldwide require surgery under general anesthesia and mechanical ventilation every year; thus, there is an urgent need for effective intervention measures to minimize injury [3] . The appropriate use of ventilators and ventilation modes can prevent ventilator-induced lung injury [4] . Currently, many advocate using a protective ventilation strategy with low tidal volume (V T ), positive endexpiratory pressure (PEEP) and recruitment maneuvers (RMs), which can reduce the clinical signs of pulmonary infection [5] and yield fewer postoperative complications in major abdominal surgery [6] . Retrospective and prospective studies have shown that lower tidal volumes may avoid overdistending non-injured lungs. PEEP may alleviate atelectasis and prevent repetitive collapse/reopening of the small airways. Notably, RMs to open the lungs have also been found to improve the effectiveness of PEEP with regard to gas exchange during general anesthesia [7, 8] . However, these conclusions are still controversial [9, 10] . To date, there is no clear evidence of the additional benefit of these ventilation strategies in routine anesthesia.
Elevated levels of exhaled nitric oxide (eNO) are detectable in the exhaled breath of patients suffering from a number of inflammatory lung diseases, including asthma and bronchiectasis [11, 12] . eNO has been proposed as a useful biomarker in patients with
Effects of different ventilation strategies on exhaled nitric oxide in geriatric abdominal surgery asthma and a potential indicator of airway inflammation [13] . Moreover, an experimental study suggested that eNO can also be taken as a sign of peripheral airway injury [14] . Because most of the eNO from the lungs is produced by the small airway epithelium, a reduction in eNO levels may be a useful marker of the extent of the mechanical injury of the peripheral airways due to their cyclic opening and closing during tidal ventilation [15, 16] . We aimed to clarify the impact of tidal volume, PEEP and RMs on small airways by measuring eNO.
Our study determined the change in indicators such as eNO, respiratory mechanics, inflammatory mediators and pulmonary function after mechanical ventilation. In addition, we investigated the effects of different ventilation strategies on eNO.
Methods
The present experiments were conducted in accordance with the Declaration of Helsinki. The protocol in this study was approved by the Ethics Committee of Harbin Medical University (no. 201314), and written informed consent was obtained from the patients prior to study enrollment.
Patients older than 60 years of age who were due to undergo major open abdominal surgery under general anesthesia at the First Affiliated Hospital of Harbin Medical University between October 20, 2012 and April 20, 2013 were selected.
Patient baseline characteristics (i.e. age, height, body weight, cardiac function test, neck circumference, smoking history, drinking history, chronic obstructive pulmonary disease history, preoperative basal levels of eNO, and type of surgery and anesthesia), which were the factors affecting the eNO levels, were recorded (table 1) .
We used the following inclusion criteria: 1. All adult patients older than 60 years; 2. Patients scheduled for planned non-laparoscopic major abdominal surgery; 3. An expected surgery duration of ≥2 h; 4. A preoperative risk index for postoperative pulmonary complications of 2-3 [17] ; and 5. Compliance with the online measurement method of the NO analyzer. We used the following exclusion criteria: 1. Past history of asthma; 2. Recent upper respiratory tract infection (within 17 used risk classes that ranges from 1 to 5, the higher risk classes indicated a higher risk of postoperative complications. Patients with a risk class of 2 or 3 were eligible for participation in the study.
2 weeks); 3. Specific reaction history (symptoms of allergic rhinitis, urticaria, recurrent rhinitis or skin allergies diagnosed by internal medicine); 4. Consumption of nitrogen-rich foods (such as lettuce, radish, spinach, sausage and offal), strenuous exercise within 2 h prior to the examination or active or passive smoking or drinking within 4 h; 5. Use of bronchodilators and corticosteroids or the intraoperative application of epinephrine and ester nitrates; 6. History of surgery, endotracheal intubation and mechanical ventilation, respiratory failure or systemic inflammatory response within 2 weeks; 7. Body mass index (BMI) ≥35. Ultimately, 69 patients were included for analysis (figure 1).
Standard procedures
Patients were randomly divided into three groups, comprising a high V T + zero end-expiratory pressure (ZEEP) group with a V T = 10-12 ml kg −1 predicted body weight (PBW), PEEP =0 cm H 2 O; a low V T + PEEP group with V T = 6-8 ml kg −1 PBW, PEEP = 8 cm H 2 O; and a low V T + PEEP + RMs group with V T = 6-8 ml kg −1 PBW, PEEP = 8 cm H 2 O and RMs. Patients were assigned to receive volume-controlled mechanical ventilation (Drager Fabius GS premium; Drager Medical AG, Lubeck, Germany) at an inspired oxygen fraction (FiO 2 ) of 0.50, an inspiratory to expiratory ratio of 1:2 and a respiratory rate adjusted to normocapnia (P ET CO 2 30 and 40 mmHg). RMs were implemented just after intubation and repeated every 30 min according to the previous experimental methods [5] . For episodes of arterial desaturation (defined as SPO 2 ≤ 92%), a transient increase in FiO 2 to 100% was permitted.
A NO analyzer (NIOX; Aerocrine, Solna, Sweden) applied a continuous flow of breath. The measurement procedure met the standards of the American Thoracic Society and the European Respiratory Society. The patient first exhaled as much air as possible Figure 1 . Flow diagram summarizing inclusion, allocation and analysis. 1226 patients were observed during the study period; 1157 patients were excluded due to the presence of one or more exclusion criteria and 69 patients were enrolled. Of these 69 patients, two were excluded; one was excluded due to a malfunction of the NO analyzer, and another was withdrawn from the study because the endotracheal tube could not be removed in time due to postoperative hypoxemia. An additional three patients underwent randomization and finally 69 patients were included for analysis.
from the lungs, then inhaled NO-free air through his/ her mouth to the total capacity of the lung and finally closed the velopharyngeal aperture to exclude NO from the nose. Next, the patient exhaled slowly at a constant rate of 50 ml s −1 through a filter for approximately 10 s to record a constant steady-state concentration of eNO for at least 3 s. eNO was recorded on-line using the NO analyzer when the patient entered the operation room, and 10 min after postoperative removal of the endotracheal tube. Blood samples for inflammatory mediators and blood gas analysis were collected immediately before the measurement of eNO.
Respiratory system compliance (Crs) was recorded at the beginning of the mechanical ventilation and before extubation. The oxygenation index (partial pressure of O 2 in arterial blood/fraction of inspired oxygen, PaO 2 /FiO 2 ) was calculated based on the blood gas. The levels of tumor necrosis factor-alpha (TNF-α), interleukin-1β (IL-1β), IL-8, prostaglandin E2 (PGE2) and PGF2a in plasma samples were measured using a quantitative enzyme-linked immunosorbent assay kit (USCN Life Science Inc, Houston, TX, USA). Plasma samples were appropriately diluted to be within the detection range of each assay. The forced expiratory volume in 1 s (FEV1) and forced vital capacity (FVC) were measured twice at the bedside using a portable spirometer (Master-Screen GE; CareFusion, San Diego, CA) on the first days of preoperative and postoperative followup, respectively.
Anesthesia management
Epidural catheterization: Before the use of general anesthesia, patients underwent epidural anesthesia at the T8-T12 level when not contraindicated.
Intraoperative maintenance included an additional 3-5 ml of local epidural anesthetics every hour (1% lidocaine + 0.5% ropivacaine). Approximately 30 min before the end of surgery, an epidural injection of 0.04 mg kg −1 morphine and 1 mg droperidol was administered. Epidural catheters were retained after surgery to maintain analgesia.
General anesthesia: General anesthesia was induced using 0.02 mg kg −1 midazolam, 0.3 μg kg −1 sufentanil, 1-2 mg kg −1 propofol and 0.2 mg kg −1 cisatracurium for endotracheal intubation. Anesthesia was maintained by inhalation of sevoflurane (end tidal concentration ≥0.7 MAC) and intermittent application of 0.05 mg kg −1 cis-atracurium every 40 min during the surgery until 1 h prior to the end of surgery. The intraoperative bispectral index was maintained at 40-60. Before endotracheal intubation, patients inhaled oxygen at FiO 2 = 1.0, and the partial pressure of carbon dioxide in the end-expiratory gas was monitored. A side stream spirometer (Datex Ohmeda S/5 Avance; GE Healthcare, Helsinki, Finland) and a D-lite transmitter were connected to monitor the peak airway pressure (Ppeak), plateau inspiratory pressures (Pplat), compliance (Compl) and tidal volume (V T ) (table 2).
Statistical analysis
The normality of the data distribution was tested with the Kolmogorov-Smirnov test. The homogeneity of variance was tested by Levene's test. The data are expressed as the mean ± SD or median and interquartile range (25-75%), as appropriate. Comparisons of the normally distributed variables were performed with a one-way ANOVA or paired t-test, as appropriate. 
Results
Postoperative eNO levels showed a decreasing trend in the high V T + ZEEP and low V T + PEEP groups, which accounted for 78.3% of all patients. By contrast, the low V T + PEEP + RMs group showed an increasing trend of 56.5%. These group differences were statistically significant (P = 0.016; table 3). SNK revealed that the percentage decrease in the low V T + PEEP + RMs group was significantly less than in the other two groups (P < 0.05). The Crs level in the high V T + ZEEP group significantly decreased from 56.9 ± 18.6 to 53.0 ± 16.3 ml cm −1 H 2 O (P < 0.05); by contrast, the level in the low V T + PEEP + RMs group significantly increased from 54.0 ± 14.0 to 62.1 ± 14.4 ml cm −1 H 2 O (P < 0.05). The change in the low V T + PEEP group did not reach statistical significance (figure 2). There was no correlation between the changes in Crs and eNO (ΔCrs-ΔeNo) (r = 0.261; P = 0.160).
The oxygenation index exhibited no statistically significant differences between groups (P > 0.05). The plasma levels of inflammatory mediators (TNFα, IL-1β, IL-8, PGE2 and PGF2α) at the early stage of inflammation did not statistically differ between the groups (P > 0.05; table 4). The postoperative FEV1 and FVC both significantly decreased; however, there was no difference among the groups (table 5).
Discussion
In our study, a post-hoc test (SNK) of the preoperative and postoperative changes in eNO revealed that the rates of decrease in the high V T + ZEEP and low V T + PEEP groups were higher than in the low V T + PEEP + RMs group. Previously, several studies were conducted to assess the influence of ventilation on eNO production, as follows: Gerd Schmalisch et al [18] reported that intubation and mechanical ventilation may reduce eNO in low-weight infants. Tornberg Daniel et al [19] studied the NO concentration during tidal breathing with mechanical ventilation compared with flow-independent parameters and analyzed this at different PEEP levels during laparoscopic gynecologic surgery. The experiment of D'Angelo et al confirmed that the eNO concentration decreases during openchest procedures in rabbits with prolonged mechanical ventilation at a low lung volume and ZEEP [14] . Persson Magnus et al [20] concluded that PEEP ventilation elicits increases in endogenously formed NO as detected in air exhaled by rabbits. Furthermore, the amplitude pressure, mean airway pressure and inspiratory time ratio were positively correlated with the level of eNO, and the frequency was negatively correlated with the level of eNO in the experiments of Yuh and Hua [21] . Artlich Andreas et al also concluded from experimentation that high-frequency oscillatory ventilation increases pulmonary NO production in healthy rabbits [22] . To our knowledge, the present investigation is the first to probe the effects of three different common ventilation strategies on eNO during spontaneous ventilation in elderly patients before and after abdominal surgery. Our results indicated that low V T and PEEP combined with RMs can reduce the occurrence of postoperative eNO decline. There may be similar mechanisms involved in our experiment and those of the abovementioned studies.
eNO is mainly generated by the small airways, and previous studies have suggested that eNO can be used as a small airway indicator [14] . Traditionally, many theories have postulated that eNO is produced by the induction of nitric oxide synthase by inflammatory mediators during the inflammatory response; thus, eNO levels increase after an injury [23] . However, we found that the eNO levels of patients mainly decreased after surgery in the high V T + ZEEP and low V T + PEEP groups in our study, indicating that other biological processes may occur during short-term mechanical ventilation [1, 24] . A possible explanation for the decrease in eNO is the repeated opening and closing of peripheral small airways induced by mechanical ventilation, which can cause abnormal shear stress [15, 16] , depletion and inactivation of surfactant and changes in the epithelial cell morphology and mechanics; thus, injury and detachment of epithelial cells may decrease the number of eNO-producing cells [25] . The degree of eNO decrease is associated with the number of injured airway epithelial cells below the bronchioles [14] . Indeed, compared with low V T + PEEP + RMs, the rate of postoperative eNO decrease with high V T + ZEEP or low V T + PEEP was higher, which may imply more serious small airway injury in these two groups. Delgado et al [26] proposed that PGE2 and PGF2α have a significantly potent inhibitory effect on eNO production. Detachment of injured airway epithelial cells with exposure of nerve endings, fibroblasts and collagen cells may release bradykinin and upregulate PGE2 and PGF2α levels [27, 28] . In addition, the activation of alveolar epithelial cells and granulocytes also produces PGE2 and PGF2α. All of these upstream markers can decrease eNO production. Nevertheless, D'Angelo et al [14] has repeatedly confirmed that eNO is not associated with cytokines in the bronchoalveolar lavage fluid, but is associated with the bronchiolar injured score. In our study, the inflammatory mediators TNF-a, IL-1 β, IL-8, PGE2 and PGF2a were also measured. The plasma levels of inflammatory mediators at the early stage did not statistically differ among groups, which supported the hypothesis of D'Angelo et al with respect to plasma. Thus, the eNO decrease occurs in the absence of an inflammatory reaction and is most likely attributable to small airway epithelial damage.
Our study is consistent with reports suggesting that mechanical ventilation can cause a 50-75% loss of postoperative pulmonary function in patients undergoing abdominal surgery. Through clinical and animal studies, scholars have shown that a ventilation mode with low V T + PEEP + RMs can improve postoperative pulmonary function compared with high V T + ZEEP [5] . However, these conclusions are still controversial. Another study demonstrated that the effects of high V T + ZEEP and low V T + PEEP (without RMs) on postoperative pulmonary function did not statistically differ [9] , which is consistent with the results of our study. We found that Crs significantly decreased in the high V T + ZEEP group and significantly increased in the low V T + PEEP + RMs group. The change in the low V T + PEEP group was not significant. These results indicate that V T , PEEP and RMs influence Crs and that we should not ignore the effect of RMs.
In conclusion, compared with low V T + PEEP + RMs, the decreasing rate of postoperative eNO at high V T + ZEEP or low V T + PEEP is greater, which may imply small airway injury in elderly patients undergoing abdominal surgery. 
